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We study static and dynamic magnetic properties of Co2MnGe (13 nm)/Al2O3 (3 nm)/Co (13
nm) tunnel magnetic junctions (TMJ), deposited on various single crystalline substrates (a-plane
sapphire, MgO(100), Si(111)). The results are compared to the magnetic properties of Co and
of Co2MnGe single films lying on sapphire substrates. X-rays diffraction always shows a (110)
orientation of the Co2MnGe films. Structural observations obtained by high resolution transmission
electron microscopy confirmed the high quality of the TMJ grown on sapphire. Our vibrating
sample magnetometry measurements reveal in-plane anisotropy only in samples grown on a sapphire
substrate. Depending on the substrate, the ferromagnetic resonance spectra of the TMJs, studied
by the microstrip technique, show one or two pseudo-uniform modes. In the case of MgO and of
Si substrates only one mode is observed: it is described by magnetic parameters (g-factor, effective
magnetization, in-plane magnetic anisotropy) derived in the frame of a simple expression of the
magnetic energy density; these parameters are practically identical to those obtained for the Co
single film. With a sapphire substrate two modes are present: one of them does not appreciably differ
from the observed mode in the Co single film while the other one is similar to the mode appearing in
the Co2MnGe single film: their magnetic parameters can thus be determined independently, using
a classical model for the energy density in the absence of interlayer exchange coupling.
I. INTRODUCTION
Tunnel magnetic junctions (TMJ) are of great interest
due to their use in magnetic memory (MRAM) [1], in
low field magnetic sensors [2] and in microwave compo-
nents for spintronics [3]. The tunnel magnetoresistance
(TMR) is very sensitive to the spin polarization of the
magnetic electrodes of TMJs and therefore, a highly spin-
polarized current source is strongly desired. A promising
method for this purpose is the use of half-metallic ferro-
magnets, which exhibit a half metallic behavior with a
gap separating two energy bands of opposite spin direc-
tions, thus providing for a 100% spin polarization. There-
fore, due to their half-metallicity and to their high Curie
temperature, Co-based Heusler alloys are now used as
electrodes in TMJs. Fully epitaxial MTJs consisting of
a Co-based full Heusler thin film as a lower electrode,
of a MgO tunnel barrier and of a CoFe upper electrode
demonstrated TMRs of 42% at room temperature [4].
Moreover, TMRs of up to 220% at room temperature
and of 390% at 5K have been measured in magnetic tun-
nel junctions (MTJs) using Co2FeSi0.5Al0.5 Heusler alloy
electrodes [5]. However, up to now, the demonstrated
TMR amplitudes using Heusler alloys as magnetic elec-
trodes in MTJs remain lower than those using normal
transition metals or their alloys. The quality of MTJs
depends strongly on the interfacial roughness, interdif-
fusion and oxygen content, which in turn depend on the
materials used in the stack and on the conditions of depo-
sition and annealing. Therefore, the control of such pa-
rameters should enhance the half-metallicity of electrodes
and thus increase TMR values. Ferromagnetic resonance
(FMR) allows for the investigation of the dynamics of
the magnetization of single layers and of multilayers and
thus for the determination of coupling parameters and of
magnetic anisotropy in relation to the interfacial charac-
teristics. Therefore, FMR and vibrating sample magne-
tometry have been used for the investigation of static and
dynamic magnetic properties Co2MnGe (13 nm)/Al2O3
(3nm)/Co (13 nm) TMJ deposited on a-plane sapphire,
MgO and Si substrates.
II. SAMPLES
Co2MnGe (13 nm)/Al2O3 (3nm)/Co (13 nm) TMJs
have been deposited by RF magnetron sputtering in an
ultrahigh vacuum on the following substrates: a-plane
sapphire, MgO (100) and Si(111). For comparison, sin-
gle films of Co2MnGe and Co of the same thickness (13
nm) deposited on sapphire were also grown. All the sam-
ples, except the Co single layer, were preliminarily cov-
ered with a 4 nm thick vanadium-seed-layer and subse-
quently overlayered by a 4 nm thick gold layer protect-
ing them against oxidation. A more detailed description
of the sample preparation procedure can be found else-
where [6]. The θ−2θ X-rays pattern (using a Cobalt line
source at λ = 1.78897 Å) shown on figure 1a indicates
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Figure 1: X-rays Bragg scan using the CoKα radiation of a 13
nm thick Co2MnGe thin film and Cross-sectional transmission
electron micrograph of a Co2MnGe (13 nm)/Al2O3 (3nm)/Co
(13 nm) TMJ grown on sapphire substrate.
that the Co2MnGe single thin film is (110) oriented. Its
deduced lattice constant (a = 5.818 Å) is slightly higher
than in the bulk material (a = 5.743 Å) [7, 8]. Figure
1b shows the cross-sectional high resolution transmission
electron micrograph of the TMJ grown on a-plane sap-
phire substrate. This substrate appears as a flat single
crystal exempt of roughness. The vanadium layer is 4 nm
thick and grows epitaxially on the substrate. The inter-
face between the substrate and the V layer is well-defined
and does not present diffusion (chemical analysis). The
Co2MnGe film starts to grow epitaxially on V and then
becomes polycristalline above few atomic layers. The 13
nm thick Co2MnGe layer remains homogenous over the
whole thickness without presenting amorphous areas. Its
polycrystalline nature has been confirmed by figures of
poles [9]. The 3 nm thick Al2O3 film is completely amor-
phous with well defined interfaces and without roughness.
The and is 13 nm thick Co layer is polycrystalline. The
Co-Al2O3 interface is smooth while the Au-Al2O3 is very
rough and wavy.
III. RESULTS AND DISCUSSION
All the reported experiments were performed at room
temperature. The static magnetic measurements were
carried out using a vibrating sample magnetometer
(VSM) and the dynamic magnetic properties were inves-
tigated with a microstrip ferromagnetic resonance MS-
FMR [10] device.
A. Static measurements
In order to study the magnetic anisotropy, the hys-
teresis loops were measured for all the studied samples
with an in-plane magnetic field applied along various ori-
entations ϕH (where ϕH is the in-plane angle between
the magnetic applied field H and one substrate edge),
as shown on figure 2. The variations of the reduced re-
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Figure 2: (Color online) VSM magnetization loops of the dif-
ferent studied samples. The magnetic field is applied parallel
to the film surface, at various angles (ϕH) with the substrate
edges.
manent magnetization (MR/MS) were then investigated
as function of ϕH . The magnetization loops show that
single layers and TMJ on sapphire present clearly in-
plane magnetic anisotropy and provide coercive fields
(HC) along the easy axis of 23 Oe, 48 Oe and 23 Oe
in Co2MnGe, Co and TMJ, respectively. The hystere-
3Sample g 4piMeff
(kOe)
Hu
(Oe)
H4
(Oe)
ϕu
(deg.)
ϕ4
(deg.)
Co2MnGe 2.02 8.9 45 40 12 0
Co 2.17 15.5 300 0
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
TMJ/saphir 2.02 2.17 9.2 16 34 11 32 -15 0 0
TMJ/Si 2.17 16 0 0
TMJ/MgO 2.17 16 0 0
Table I: Magnetic parameters obtained from the best fits to our FMR experimental results. ϕu and ϕ4 are the angles of the
in-plane uniaxial and of the fourfold anisotropy easy axes, respectively.
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Figure 3: MS-FMR spectra measured of Co2MnGe(13nm)/Al2O3(3nm)/Co(13 nm) TMJs grown on a-plane sapphire, Si(111)
and MgO(100) substrates.
sis loops of TMJs on Si and MgO provide coercive fields
of 33 Oe and 19 Oe, respectively, but do not depend on
ϕH varies, suggesting the absence of anisotropy. The Co
layer presents a high uniaxial anisotropy of about 300
Oe, as deduced from the hard axis magnetization loop
(ϕH = 90◦), most probably induced by the interface with
the sapphire substrate [11]. The Co2MnGe single layer
presents a complex anisotropy which cannot be simply
described using a uniaxial anisotropy and complemen-
tary experiments should be done to clarify it. The hys-
teresis loop of TMJ grown on sapphire presents a narrow
plateau for small applied fields suggesting an antiparallel
alignment of the Co and Co2MnGe magnetizations and,
consequently, only a very weak coupling of the two layers.
Indeed, for a high applied magnetic field, the two magne-
tizations are parallel and aligned with it. When the sign
of the applied field changes, due to the slight difference
between the coercive fields of Co and of Co2MnGe, the
magnetizations of the two layers do not simultaneously
switch, thus leading to small plateau in the hysteresis
loop. The observed differences between the TMJs and
single layers reinforce the suggestion of an interfacial ori-
gin of the anisotropy.
B. Dynamic measurements
For each single layer, we assume a magnetic energy
density which, in addition to Zeeman, demagnetizing
and exchange terms, is characterized by the following
anisotropy contribution:
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Figure 4: (Color online) Field dependence of the resonance
frequency of mode 1 of the 13 nm thick Co2MnGe film and
Co2MnGe(13nm)/Al2O3(3nm)/Co(13 nm) TMJ grown on a-
plane sapphire substrate. The magnetic field is applied per-
pendicular to the film plane. The fits are obtained using equa-
tion (3) with some parameters indicated in the text and Table
I.
E = −MSH(sin θM sin θH cos(ϕM − ϕH) +
cos θM cos θH)−(2piM2S−K⊥) sin2 θM− 12 (1+cos(2(ϕM−
ϕu))Ku sin
2 θM − 18 (3 + cos 4(ϕM − ϕ4))K4 sin4 θM (1)
For an in-plane applied magnetic field H, the studied
model provides the following expression for the frequen-
cies of the experimentally observable magnetic modes:
4F ² =
(
γ
2pi
)2
(H cos(ϕH − ϕM ) + 2K4MS cos 4(ϕM − ϕ4) +
2Ku
MS
cos 2(ϕM − ϕu)) × (H cos(ϕH − ϕM ) + 4piMeff +
K4
2MS
(3 + cos 4(ϕM − ϕ4)) + KuMS (1 + cos 2(ϕM − ϕu)) (2)
In the above expression (γ/2pi) = g × 1.397 × 106
s−1.Oe−1 is the gyromagnetic factor and ϕM represents
the in-plane (referring to one substrate edge) angle defin-
ing the direction of the magnetization MS ; ϕu and ϕ4
stand for the angles of an easy uniaxial planar axis and
of an easy planar fourfold axis, respectively, with this
substrate edge. Ku, K4and K⊥ are the in-plane uniax-
ial, the fourfold and the out-of-plane uniaxial anisotropy
constant, respectively. In addition we state that Ku and
K4 are positive. It is often convenient to introduce the
effective magnetization 4piMeff = 4piMs − 2K⊥/Ms, the
uniaxial in-plane anisotropy field Hu = 2Ku/Ms and
the fourfold in-plane anisotropy field H4 = 4K4/Ms .
In the case of an out-of-plane perpendicular applied mag-
netic field, the resonance frequency is given by:
F⊥ =
γ
2pi
(H − 4piMeff )
MS-FMR spectra have been recorded for in-plane and
perpendicular applied fields, of variable amplitudes, for
each sample. In the single films one resonance mode is
observed, as expected: it is well described by the above
model (figures 5 and 6 for Co, figures 4, 5 and 6 for
Co2MnGe). The related fitted magnetic parameters are
given in Table I for Co and for Co2MnGe. Notice that
a uniaxial term well describes the in-plane anisotropy
in the Co sample while both uniaxial and fourfold in-
plane anisotropy are requested to give account for the
data concerning Co2MnGe. In addition, the derived in-
plane anisotropy characteristics are consistent with the
above mentioned angular variation of the reduced rema-
nent magnetization (MR/MS). In the TMJs two reso-
nance modes should be present: neglecting the interlayers
coupling the first one (mode 1) is described by magnetic
parameters near of the derived ones for the Co2MnGe
single film and the second one (mode 2) is described by
magnetic parameters near of the derived ones for the Co
single film. This expected behavior is only observed in
the TMJ grown on the sapphire substrate (figure 3). In
the other TMJs the resonance study detects only a unique
mode corresponding to mode 2. The absence of mode 1
reflects their less quality compared to TMJ on sapphire,
which, due to its weak intensity, prevents its detection.
In fact, the growth conditions Co2MnGe layer are surely
optimal for TMJ on sapphire but most probably not for
the other TMJs. In the three studied TMJs the fitted
effective g factor and the effective demagnetizing field
derived from the field dependence of the frequency of
mode 2 are nearly identical to the obtained ones in the
Co single film: 2.17 and 16 kOe, to compare to 2.17 and
15.2 kOe, respectively. Concerning mode1, observed in
TMJ on sapphire, the fitted effective g factor and the ef-
fective demagnetizing field are again nearly identical to
the obtained ones in the Co2MnGe single film: 2.02 and
9.2 kOe, to compare to 2.02 and 8.9 kOe, respectively.
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Figure 5: In-plane angular dependences of the reso-
nance frequency of modes 1 and 2 and reduced rema-
nent magnetization of the Co, Co2MnGe single layers and
Co2MnGe(13nm)/Al2O3(3nm)/Co(13 nm) TMJ grown on a-
plane sapphire substrate. The full lines are obtained from the
energy minimization (reduced magnetization) and using equa-
tion (2) (frequency) with the parameters indicated in Table
I.
Finally, the in-plane anisotropy of mode is found to be
uniaxial for mode 2, while in mode 1 uniaxial and fourfold
terms provide comparable contributions.
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Figure 6: (Color online) Field dependence of the resonance
frequency of modes 1 and 2 of Co, Co2MnGe single layers
and Co2MnGe(13nm)/Al2O3(3nm)/Co(13 nm) TMJ grown
on a-plane sapphire, Si(111) and MgO(100) substrates. The
magnetic field is applied in the film plane. The fits are ob-
tained using equation (2) with parameters indicated in the
text and Table I.
IV. CONCLUSION
Co2MnGe (13 nm) / Al2O3 (3nm) / Co (13 nm) TMJ
deposited on a-plane sapphire, MgO and Si substrates
have been prepared. For comparison, single films of
Co2MnGe and Co of the same 13 nm thickness been also
deposited on sapphire. Their structural, static and dy-
namic magnetic properties have been studied. Our X-
rays diffraction measurements show that the Co2MnGe
film is (110) oriented. The good quality of the TMJ
on sapphire has been checked via high resolution trans-
mission electron microscopy. The VSM measurements
showed composited anisotropy in the case of TMJ on sap-
phire. However, no anisotropy has been revealed by the
VSM hysteresis loops in the case of the other TMJs. A
high uniaxial anisotropyis observed in the Co film, most
probably induced the interface with sapphire substrate.
MS-FMR measurements revealed two modes for TMJ on
sapphire, attributed to the Co2MnGe and to the Co layer
and one mode for the other TMJs, attributed and Co
layer. The magnetic properties are strongly dependent
on the interfaces quality and growth condition and can
be used to check the TMJ quality. A good fit of all the
experimental data, using appropriate values of the mag-
netic coefficients describing the free energy, is obtained.
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